Electrodeposition of Ni-Cr alloy has been carried out from acidic sodium citrate complex bath solution in the current density range 5-50 mA/cm 2 at 303 K. The deposited alloys are characterized by cyclic voltammetric and polarization studies. The coatings exhibit as novel electrode material with low overpotential ͑͒ and good corrosion resistance for anodic oxidation of methanol in H 2 SO 4 medium. The anodic peak current, a measure of oxidation reaction rate, is considerably high on Ni-Cr alloy when compared to pure Ni. Chromium is a versatile metal with inherent useful tailor-made properties. It forms alloys with nickel ͑Nichrome-Ni-Cr͒ which are promising materials as resistor elements 1 and find application in high-temperature oxidizing environments.
Electroplating of
Cr/Ni-Cr from aqueous solution has several disadvantages; it is not eco-friendly ͑use of Cr 6+ ͒, it is not economically viable ͑very low cathodic efficiency͒, and the quality of coating is very poor ͑due to H 2 evolution͒. 3 Review of literature indicates the need for a comprehensive understanding of plating technology of Cr/Cr-Ni by using less toxic Cr 3+ ions. It is known that the codeposition H 2 during plating of metals is considerably reduced by the presence of a mixture of H 3 BO 3 and NaCl. 4 Based on the facts, attempts have been made to electroplate good-quality Ni-Cr alloys. 5 Fuel cell ͑nonconventional energy source͒ technology has made considerable progress in recent years in order to meet the global energy demand. 6 Attempts have been made in our laboratory to develop simple and cost-effective electrochemical procedures to get good-quality alloys as electrodes for methanol oxidation fuel cell. [7] [8] [9] [10] By varying the deposition conditions, it is possible to get Nichrome ͑Ni/Cr͒ with traces of oxides of Cr and Ni or both, 11, 5 which are supposed to be potential candidates to function as effective anodes for electrochemical methanol oxidation. Hence, electrodeposition procedures developed earlier 5 are used to prepare thin films of Ni-Cr alloy and tested for their corrosion resistance toward highly corrosive fuel-cell electrolytes and also for electrochemical catalytic activities for methanol oxidation.
Experimental
All solutions were prepared by using analytical reagent grade chemicals and double-distilled water. Alloys of Ni-Cr were deposited onto copper foils ͑99.9%, 10 ϫ 10 ϫ 0.5 mm͒. Before deposition, copper foils were precleaned by procedures described elsewhere. 12 Experiments were carried out using a threecompartment glass cell of 50 mL capacity at 303 K for 30 min. pH of the bath solution was adjusted to 3.0 by using diluted NaOH/H 2 SO 4 . The phases of deposited alloy were studied by X-ray diffractometer ͑XRD͒ ͑Simen D5005 with Cu K␣ radiation͒. Galvanostatic polarization and cyclic voltammetric ͑CV͒ experiments were conducted using a potentiostat/galvanostat ͑EG & G PAR 362͒. A large platinum foil and saturated calomel electrode were used as auxiliary and reference electrodes, respectively. A finely drawn Luggin capillary was used to minimize the infrared ͑IR͒ drop. Detailed experimental procedures adopted for CV were the same as described earlier.
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Results and Discussion
Deposition of Ni-Cr alloy.-Preliminary deposition experiments were conducted at different current densities ͑5−50 mA/cm 2 ͒, pH, and temperature using a bath solution containing known concentrations of Ni 2+ and Cr 3+ ions. Sodium citrate and formic acid were used as complexing agents for Ni 2+ and Cr 3+ ions, respectively, under acidic conditions ͑pH 3.0͒. Based on the observed results, the following conditions were fixed to get goodquality alloy films: bath compositions: The coatings obtained under different experimental conditions were subjected to energy dispersive X-ray diffraction ͑EDAX͒ analysis, which confirmed the presence of both Ni and Cr in the coatings. The dot mapping of Cr in the coating shows uniform distribution of Cr on the surface. The scanning electron micrographs ͑SEM͒ were taken to review the surface features of deposited as well as heat-treated coatings. The surface looked nonuniform, but became uniform after heat treatment. 5 The coatings obtained under optimum plating conditions were subjected to XRD analysis. The XRD data are given in Table I . The diffraction pattern of the deposited coatings indicated that the coating is partially amorphous with only a few phases. On heat treatment, more new phases appeared in the coating with a greater degree of crystallanity. The grain size of coating was evaluated from XRD pattern using Debye-Scherrer equation.
14 A smaller value of full width at half maximum ͑fwhm͒ reveals a higher crystallanity with grain diameter of 72 Å. Table I . XRD data of Ni-Cr alloy.
As-deposited
After heat-treatment Polarization studies.-Alloys of Ni and Cr with sufficient thickness were prepared and used as anode for electrochemical oxidation of methanol in sulphuric acid, because H 2 SO 4 is used as electrolyte. 15, 16 Galvanostatic polarization experiments were conducted in different concentrations of H 2 SO 4 containing 1 M CH 3 OH using Ni-Cr alloys obtained in the current density range ͑5-50 mA/cm 2 ͒ at 303 K ͑Fig. 1͒. Electrochemical parameters for methanol oxidation on Ni-Cr alloy given in Table II indicate the improvement of catalytic activity ͑low ͒ with a decrease in H 2 SO 4 concentration or increase in the methanol concentration. Heattreated Ni-Cr alloy was associated with low overpotential at sufficiently low temperatures when compared to an as-deposited sample and also much lower than the value obtained with other electrode materials. 17 The alloys exhibited better corrosion resistance ͑Table II͒ in H 2 SO 4 medium. Prolonged electrolysis up to 100 h was conducted at 100 mA/cm 2 using as-deposited and heat-treated samples of Ni-Cr alloys in 0.5 M H 2 SO 4 containing 1 M methanol at 303 K. The anode was quite stable and exhibited steady overpotential ͓±10 mV͔ ͑Fig. 2͒, which is one of the important characteristics of a high-performing anode in a fuel cell.
CV studies.-Electrocatalytic activity of the electrode is closely related to the surface properties. The increase in catalytic activity upon heat treatment is attributed to the change in microstructure of the deposit. 18 In order to evaluate the relative increase in surface area of Ni-Cr by alloying Cr with nickel, CV experiments were 
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carried out on Ni-Cr alloy and also on pure Ni in the potential range −300 to +900 mV at a scan rate of 25 mV/s in a mixture of 1 M CH 3 OH and 0.5 M H 2 SO 4 . The anodic peak current characteristics to the oxidation reaction rate on Ni-Cr is abnormally high ͑4300 A͒ when compared to pure nickel ͑5.4 A͒. Keeping these results, the relative increase in surface area ͑I P͑Ni-Cr͒ /I p͑Ni͒ ͒ by alloying the Ni by Cr was found to be 790 ͑Fig. 3͒. The increase in catalytic activity could be attributed to decrease in crystal size ͑in-crease in surface area͒, change in surface feature, or increase in electronic conductivity, which favors oxidation of methanol on the electrode surface. One of the most important parameters in the evaluation of electrocatalytic activity is the real surface area. A qualitative indication of the increase in surface roughness by heat treatment supports the dependence of catalytic activity on surface area. Nevertheless, an intrinsic electrocatalytic activity effect cannot be explained only because of increase in the effective surface area. XRD data with heat-treated samples also support the presence of new phases, 5 which modify the electronic and structural properties of the substrate over the near-surface region, thus influencing the electrocatalytic activity for methanol oxidation.
The electro-oxidation of methanol is a complex process which is retarded by the adsorption of reaction intermediate species such as CO, formaldehyde, formic acid, etc., on the electrode surface. 19 In aqueous solution under slightly acidic conditions, sodium sulfate in the presence of formaldehyde gives characteristic CVs. 20 These earlier findings are used to identify the intermediate species in the present system. CVs were obtained on Ni-Cr microelectrode using an oxidized mixture of methanol along with sodium sulfate in 0.5 M H 2 SO 4 and the CVs obtained were comparable with those obtained in acidic sodium sulfate solution containing formaldehyde ͑Fig. 4͒. These results confirmed the involvement of formaldehyde as intermediate during oxidation of methanol on Ni-Cr coating.
Conclusion
Electrodeposited Ni-Cr alloys from a plating bath solution with sodium citrate as a complexing agent for Ni 
